The effect of electrode positive time cycle (% EP) of the alternating current TIG process has been investigated for aluminium wire + arc additive manufacture of linear walls. The study considered the effect on oxide removal, linear wall dimensions, microstructure, mechanical properties as well as the effect on electrode wear. The results showed that the effective wall width was minimum at 20 %EP with a corresponding maximum in layer height. It was also observed that increasing the % EP increased the electrode wear rate, which in turn affected the arc stability. Microstructure analysis showed a noticeable increase in the grain size for higher % EP. The study also showed that % EP had no significant effect on mechanical properties. From a heat input analysis, a direct correlation was observed between the arc voltage and the % EP. The study also indicated that there could be other contributing factors to wall dimensions. For aluminium wire + arc additive manufacture of linear walls, minimum cleaning ranged between 10 %EP and 20 %EP.
Introduction
Wire + arc additive manufacture (WAAM) is a very promising process for manufacture of parts and components to be produced to near net shape at a reduced cost with shorter lead times compared to machining from solid material [1, 2] . This will minimise the increasing demands for parts to be produced by worldwide market mainly the aerospace and defence industries [3] . The WAAM process incorporates arc welding processes such as tungsten inert gas (TIG), plasma transfer arc (PTA), metal inert gas (MIG) and cold metal transfer (CMT) which are used to melt and deposit wire in a layer by layer fashion [1, 2, 4, 5] .
Aluminium is a material of great interest due to its low weight to strength ratio [6] . However, the oxide film (Al2O3) has a high fusion temperature. This forms on the surface of aluminium which makes it challenging during application of welding processes. Therefore, the oxide film needs to be removed to ensure good fusion and low porosity [6] [7] [8] . Current studies have found that using CMT pulse advance process for aluminium WAAM can be beneficial [7, [9] [10] [11] . However, the CMT process is limited by the inability to vary the current independently of the wire feed speed (WFS). As a result of this, certain desirable weld bead geometries such as flat shaped beads to produce parts to near net shape may be difficult to achieve. Conversely, TIG and PTA processes have been found to offer better control of bead 2 geometry due to the flexibility of controlling the process parameters, that is current and WFS, independently [2, 4] .
In aluminium welding, the alternating current TIG (ACTIG) process has been used because of its ability to allow setting of the proportions of electrode positive (% EP) to negative (% EN) time cycle to enhance oxide removal and fusion effect [8, 12, 13] . This is possible because the % EP part of the AC cycle can effectively remove aluminium oxides through the mechanism known as the cleaning effect [6, 14] . The mechanism involves the generation of anions from the arc plasma which are directed towards the aluminium base metal (cathode). The impact energy of the anions results in breaking the bonds between the oxides prior to their removal.
The fusion behaviour of variable polarity ACTIG welding of aluminium has been investigated to show that increasing % EP of the AC cycle increases weld bead penetration and width [12, 15] . These findings however oppose other literature which indicated that maximum penetration and cleaning are only possible when more than 50 % of the AC time cycle is spent on % EN and % EP respectively [16] . Yarmuch and Pepin [8] explained that the increase in fusion in the case of % EP results from the nature of the cold cathode field emision of electrons which contributes to the additional base metal melting. ACTIG has been used in aluminium WAAM to show the possibility of producing WAAM parts such as cone and linear wall structures [17, 18] . However, the effect of alternating current time cycle on Al WAAM fusion and oxide removal is still unidentified. This study therefore investigates the effect of ACTIG on Al WAAM by assessing the effect of alternating current time cycle on cleaning and linear wall dimensions (wall width and layer height). In addition, the effect on mechanical properties and microstructure has also been investigated.
Experimental setup and procedures

Materials
In this experiment, aluminium 5556 wire was deposited on 6082-T6 aluminium substrate. The composition of the materials is shown in Table 1 . The substrates used were machined in the form of dummy walls of dimension 160 mm x 10 mm x 20 mm and were washed and cleaned using ethanol to remove dirt and grease. Prior to welding, substrates were subsequently linished mechanically and then finally degreased with acetone. 
Equipment
The experiments were performed using a Trio 3 axis motion system CNC with a Migatronic TIG commander 330 AC/DC power source. A multi-strike tungsten electrode of diameter 3.2 mm was used. This was set to have an arc length of 5 mm perpendicular to the substrate as illustrated in Figure 1 . The wire was fed from the front to align with the centre of the electrode by touching the substrate at an angle of 36 degrees. Argon shielding gas at a flow rate of 15 L/min was used as the protective environment. A cooling system placed underneath the substrate was used to cool down the substrate to room temperature between layers. 
Experimental
To assess the effect of TIG alternating current time cycle on wire + arc additive manufacture, twenty layer walls were built. These walls had a length of 140 mm and were built in one direction (+x) as illustrated in Figure 1 . The subsequent layer height increments used were the average layer heights of previously deposited layers and were allowed to cool to room temperature prior to deposition of the subsequent layer. A cooling system (set to 20 o C) was used to reduce the waiting time after each deposition. The deposition wire feed speed (WFS) was set to 1.6 m/min throughout the experiment. To account for the cooling of the substrate for the first four layers, the welding current (I) was varied at a constant travel speed of 0.15 m/min as shown in Table 2 . Subsequent layers were deposited with TS of 0.3 m/min and current of 110 A at a constant frequency of 50 Hz whiles the % EP time cycle was varied at 10 %EP, 20 %EP, 30 %EP, 40 %EP and 50 %EP. Further experiments were also conducted by varying the frequency at a constant % EP of 50 %EP. An AMV4000 4 equipment was employed to measure the current and voltage. The average heat input (HI) was then calculated using equation (1) .
Prior to wall building, single layer beads were deposited on a substrate of dimension 200 mm x 200 mm x 6 mm using layer 1 parameters to assess the effect of % EP on oxide removal. In addition, the effect of % EP on electrode wear was measured after deposition with reference to a spot which was made on the electrode prior to deposition. 
Macrostructure and microstructure analysis
Linear walls built were sectioned and their bead dimensions were measured using an optical microscope. Prior to macrostructure and microstructure analysis, samples were cold mounted in epoxy and subsequently ground using 240, 600, 1200 and 2500 SiC grit paper. This was then polished to mirror finish using 3 µm diamond paste and 1.5 µm colloidal silicon suspension. Figure 2 illustrates a schematic of a generic wall cross section showing effective wall width (EWW), total wall width (TWW) and surface waviness (SW). Electron backscattered diffraction (EBSD) was conducted to observe the microstructure. Pore counting was conducted along the middle section (approximately 100 mm 2 ) using the optical microscope and the IMAGE J software. 
SW = (TWW -EWW) / 2 (2)
Hardness and tensile testing
Hardness measurements were conducted using a micro hardness indenter by applying a load of 200 g at 10 different points across the test specimens. An average hardness value was calculated in each test. Tensile tests were also conducted in the longitudinal direction using an Instron -5500R (load cell capacity = 30 KN, test speed = 1 mm/min) at room temperature on 20 % and 50 % EP walls built. For this test, 33 layer walls were built on a substrate of dimension 500 mm x150 mm x 12.7 mm and three test specimens were taken in the longitudinal direction from each wall of which the average values were calculated. During wall building, a constant % EP of 30 % was used in the first four layers (Table 2) to account for the cooling of the substrate.
Results
Effect of ACTIG time cycle on width of oxide removal Figure 9 shows the effect of 20 % and 50 % EP on microstructure of walls built for a given area. It can be seen that for the same area the grain sizes were coarser in 50 %EP than 20 %EP. Figure 10 shows the effect of % EP on porosity for 20 % EP and 50 %EP. It can be seen that for pore sizes ranging between 10 -100 microns, pore sizes and number slightly increased in higher % EP (50 %EP) than lower % EP (20 %EP). The results also show that pore sizes and number increases in the initial layers closer to the substrate. The limiting factor for lower % EP was based on insufficient oxide removal and an unstable weld bead profile (Figure 3) , which confirms previous studies by Cirino and Dutra [12] and Yarmuch and Patchett [8] . In this study, it was found that minimum cleaning ranged between 10 % and 20 %EP. For higher % EP above 30 %, the stability of the arc was affected by the corresponding electrode wear (Figure 4 ) due to the heating of the electrode. This was apparent since increasing the % EP increased the wear of the electrode tip correspondingly. From initial studies conducted by Cho et al. [13] , it is believed that the melting of the electrode tip affects the absorption of electrons on its surface which in turn makes the arc unstable.
From Figure 6a and 6b, it can be seen that the EWW has a minimum at 20 %EP with corresponding maximum in LH. It has been shown previously in WAAM that as the heat input increases, the EWW increases and the LH decreases so the effect of % EP on wall geometry can be explained by the change in heat input [5] . Previous studies on the effect of positive polarity time on ACTIG welding of aluminium indicates that above 20 %EP, electrons are emitted mainly by field effect whereas below this threshold thermionic emission is the main driver of electrons which could explain the fall and rise in the voltage below and above 20 %EP [12, 20] . The authors also explained that in the % EP cycle, the oxide is removed when the arc concentrates on the cathode spot of the thin oxide film. After the oxide is removed, the spot rapidly moves to a new spot and the process repeats itself. Moreover, higher % EP generates more cathode spots with longer arc concentration time which also leads to higher heat input and the resulting increase in fusion area [8] . From this study, surface waviness has also been shown to be approximately constant in the linear walls produced with % EP ranging between 10 %EP and 40 %EP (Figure 6c ). It was found that the surface waviness was about 0.1 mm indicating the minimum machining requirement during actual production. Conversely, the slightly higher surface waviness in 50 %EP could be attributed to the arc instabilities resulting from the increased electrode wear rate. This could cause disturbances in the weld pool during deposition. According to Syed et al. [21] , when the weld pool is disturbed, it is likely to show increased surface waviness and vice versa. Furthermore, the study has also shown that for a given % EP, frequency does not have any significant effect on WAAM wall dimensions (Figure 7a) .
A further experimental technique of adjusting the heat input of 20 %EP to produce similar weld bead geometry to that of 50 %EP was conducted by adjusting either the arc length (distance from the tip of electrode to the substrate) to change the voltage or by adjusting the current from the power source. From this study, it is apparent that the controlling factor for weld bead geometry is the heat input as illustrated in Table  3 . Therefore increasing the heat input in 20 %EP increased the bead width with a corresponding decrease in layer height. In addition, it is also noteworthy that the wear of electrodes resulting from the increase in % EP could potentially affect the arc length; thus the voltage and the resultant heat input.
Microstructure and Porosity
From microstructural analysis (Figure 9 ), it was found that increasing % EP to 50 % led to an increase in the grain size with a resultant decrease in number as compared to 20 %EP. The resulting increase in grain size may have been due to the corresponding increase in heat input (Figure 8b ). This is expected since increasing the heat input slows down the cooling rate thereby allowing grains more time to grow [7, 22] .
For porosity analysis (Figure 10 ), 50 %EP had a significant amount of pores in comparison to that of 20 %EP. Porosity in aluminium based alloys is dependent on the amount of hydrogen dissolved in the liquid phase and results from the large solubility difference between the liquid and solid phases [10] . Previous studies by Cong et al. [7] on the effect of cold metal transfer process on porosity of additively manufactured walls identified a close relationship between grain size and porosity. The authors found that fine grains reduced the tendency for pore formation due to the competition between heterogeneous nucleation of grains and pore nucleation sites prior to solidification. This could explain the low porosity found in 20 % EP which had finer grain structure as compared to 50 % EP. In addition, the increase in pore numbers and sizes in the initial layers can also be attributed to the slightly high cooling rate of the substrate. This may result in entrapping hydrogen bubbles as they try to escape before solidification of the melt.
Mechanical test
From mechanical test results (Figure 11 ), no significant differences where seen in 20 %EP and 50 %EP linear walls built. This indicates that for the same set of parameters, the difference in % EP does not affect the mechanical properties. Al -5556, a magnesium based alloy, obtains its strength by solid solution strengthening and varies in mechanical properties when there is a change in the chemical composition [6] . During welding, magnesium easily evaporates at high temperature due to their low melting point and vapour pressure in comparison to aluminium [22] . From the study conducted, it can be inferred that the difference in heat input of 20 % EP and 50 %EP may not be critical to affect the chemical composition of the walls deposited. SEM images of the fracture surface of 20 %EP and 50 %EP have been shown in Figure 12 . The fracture surface of both walls were mainly characterised by dimples. This indicates that both walls exhibited ductile fracture features [11] .
Conclusions
The effect of TIG alternating current time cycle has been investigated on aluminium WAAM. The following conclusions could be drawn:  Minimum cleaning for ACTIG process ranged between 10 %EP and 20 %EP.  The effective wall width is minimum at 20 %EP with a corresponding maximum in layer height. Increasing % EP between 10 %EP and 40 %EP does not have a significant effect on surface waviness.  The main controlling factor for wall dimension is the heat input. Increasing % EP increases the voltage which in turn increases the heat input.  Increasing the % EP increases the electrode wear rate.  Increasing the % EP does not have any significant effect on mechanical properties (UTS, 0.2 PS and % elongation).  For a constant % EP, frequency does not have any significant effect on WAAM wall dimensions and hardness.  Increasing the % EP increases grain sizes and decreases the grain number.
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 Increasing % EP increases pore sizes and number. Therefore, optimum condition for ACTIG WAAM of AA 5556 is the electrode positive time cycle of 20 %EP.
